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We study a model of interacting dark matter and dark energy, in which the two components are
coupled. We calculate the predictions for the 21-cm intensity mapping power spectra, and forecast
the detectability with future single-dish intensity mapping surveys (BINGO, FAST and SKA-I).
Since dark energy is turned on at z ∼ 1, which falls into the sensitivity range of these radio surveys,
the HI intensity mapping technique is an efficient tool to constrain the interaction. By comparing
with current constraints on dark sector interactions, we find that future radio surveys will produce
tight and reliable constraints on the coupling parameters.
I. INTRODUCTION
One of the central problems in modern cosmology is
the mystery of the observed accelerated expansion of the
Universe. After almost two decades of this discovery,
the simplest and most successful candidate is still the
cosmological constant, i.e. “Λ” term in Einstein’s field
equation. The ΛCDM model, in which the late time dy-
namics of the Universe is described by a cosmological
constant together with cold dark matter (DM), is gener-
ally consistent with all current observations [1], although
recently there is some hint that dark energy might be
dynamical [2]. In spite of its observational success, the
ΛCDM model is challenged with some theoretical diffi-
culties: the mechanism with which the cosmological con-
stant can emerge from fundamental physics with the ob-
served value is lacking [3, 4] and without dynamics, the
coincidence problem remains.
To solve these problems, a plethora of alternative pro-
posals have been introduced in the literature. In a
large class of the proposals, dynamical dark energy (DE),
which is an exotic form of matter whose equation of state
(EoS) is close to −1 at late times, is responsible for the
accelerated expansion. There are a bunch of fully stud-
ied dynamical DE models, including quintessence [5], K-
essence [6], chameleon fields [7] and Horndeski theory
[8, 9], many of which describe DE with a scalar field.
While most dynamic DE models ignore the so-called
phantom regime, where the DE EoS w < −1, some spe-
cific theory such as braneworld and Brans-Dicke gravity
can lead to phantom DE [10, 11]. Apart from the dynam-
ics of DE, it is also interesting to consider the coupling of
the DE with DM, as an interaction between DE and DM.
If such a coupling exists, it may affect the dynamics of
the Universe given their dominance in the matter budget
today.
Both DE and DM have not been detected directly, and
the study of the interaction between them is based on as-
tronomical observations. It is then difficult to describe
them, especially DE, from first principles. Dark energy
is often treated as a perfect fluid, and its interaction with
DM is conveniently parameterized with a phenomenolog-
ical model. The presence of interactions within the dark
sector inevitably modifies the evolution of the Universe,
in both expansion history and formation of large scale
structures. At the background level, the phenomeno-
logical interacting dark energy (IDE) models can have
tracker solutions both in the past and in the future [12–
19]. It is, however, possible for a model with a varying
EoS to reproduce the same expansion history as in the
IDE model. The evolution of density perturbations, large
scale structure formation and signatures in observations
in the IDE scenario are investigated using perturbation
theory [20–24]. In several cases, the IDE models have
been found to have perturbations with unstable growing
modes. The stability of perturbations depends on both
the parametrization of the interaction and dark energy
EoS [20, 24–27]. Readers can refer to Ref. [28] for a
recent review on theoretical challenges, cosmological im-
plications and observational signatures in IDE models.
By comparing the predictions of the IDE model with
observations we can constrain the interaction term. The
most precise and information-rich cosmological observa-
tions to date come from the cosmic microwave back-
ground (CMB) experiments [29]. However, most of the
information imprinted in the CMB map dated to the last
scattering surface, where the redshift z ∼ 1100, while DE
was always subdominant until the late time accelerated
expansion era, where z <∼ 1. Thus they are only mod-
erately efficient in terms of constraining the interaction
between dark sectors. Using low redshift observations, in-
cluding the measurements of the local Hubble parameter,
type-Ia supernova data (SNIa), baryon acoustic oscilla-
tions (BAO), growth rate of large scale structure, weak
lensing etc. can also set constraints on the IDE mod-
els, despite the fact that current late time observations
are not comparable with CMB experiments in provid-
2ing high precision constraints. The interaction between
dark sectors was tested against CMB measurements, low
redshift observations and their combination and found
consistent with current observational data [30–42]. Some
recent observational data indicate that a moderate inter-
action may be present at late times [38]. In addition,
several researches reported that the presence of the in-
teraction can alleviate the tension on the value of the
Hubble constant H0 between the CMB anisotropy con-
straints obtained from the Planck satellite and the recent
direct measurements [1, 43, 44].
If we are only interested in measuring the matter dis-
tribution on large scales, it is not necessary to resolve
individual galaxies. The 21-cm intensity mapping (IM)
technique is to conduct a survey with relatively low an-
gular resolution that detects only the integrated inten-
sity from many unresolved sources. This technique al-
lows for extremely large volumes to be surveyed very
efficiently [45]. For example, the SKA will be capable
of performing large IM surveys over 0 <∼ z <∼ 3 by using
the redshifted neutral hydrogen (HI) 21-cm emission line.
FAST will be able to create a large area HI map at red-
shift 0.05 <∼ z <∼ 0.35 [46]. In the late Universe, neutral
hydrogen resides mainly in dense regions inside galax-
ies that are shielded from the ionizing UV background,
and the 21-cm line is narrow and relatively unaffected by
absorption or contamination by other lines. The 21-cm
radiation is thus an excellent tracer of the matter den-
sity field in redshift space. For a detailed discussion on
the uses of line-intensity mapping, see [47]. The ongo-
ing radio surveys promise to provide 21-cm IM data that
contain information of the same amount or even more
than current CMB observations at late times [48–50].
HI IM is a natural tool in studying dark energy phe-
nomenon. Comparing to other probes, such as galaxy
surveys, it has several advantages. It can probe deeper
redshift than typical galaxy surveys with thin redshift
bins, leading to good observations of the evolution of both
background expansion and the growth of large structure
formation. Unlike galaxy surveys, HI IM does not mea-
sure an individual galaxy’s redshift and position. Rather,
it measures the total flux of HI emission on scales of BAO,
and surveys a large volume. So there are more signals
coming from large, linear scales where the effect of dark
energy is the most important. In this work, we examine
the ability of this promising tool, which seemingly pro-
vides the most information from the redshift and scales
that DE is sensitive to, in constraining the interaction
between DM and DE.
This paper is organized as follows. In Secs. II and
III, we briefly review the IDE model and compute the
21-cm angular power spectrum. In Sec. IV, we anal-
yse the experimental noise and survey parameters for
the three single-dish 21-cm IM telescopes, BINGO, FAST
and SKA-I. We then forecast the constraints on the inter-
action by using a Fisher matrix analysis in Sec. V. Our
conclusion is presented in Sec. VI.
Besides the interaction parameters, we assume the
other cosmological parameters to be Planck 2015 best-
fitting values [1] if not specified otherwise: h = 0.6774,
Ωmh
2 = 0.1188, Ωbh
2 = 0.0223, ln(1010As) = 3.064 and
ns = 0.9667.
II. THE INTERACTING DARK ENERGY
MODEL
We consider a cosmological model with a phenomeno-
logically inspired interaction between DM and DE [23].
In this scenario, the energy momentum tensor of DM and
DE is not conserved separately, but satisfies the following
equation,
∇µT µνλ = Qνλ, (1)
where the subscript λ refers to either DM(c) or DE(d).
Qν(λ) is the coupling vector representing the interaction
between DM and DE. We assume the dark sector does not
interact nongravitationally with normal matter; thus the
total energy momentum of the dark sectors is conserved,
so that Qνc +Q
ν
d = 0.
We assume that the Universe is described by
a Friedmann-Lemaˆıtre-Robertson-Walker metric with
small perturbations over a smooth background. The line
element is given by
ds2 = a2[−(1 + 2ψ)dτ2 + 2∂iBdτdxi
+ (1 + 2φ)δijdx
idxj + (∂i∂j − 1
3
δij∇2)Edxidxj ],
(2)
where τ refers to the conformal time. Functions ψ, B,
φ and E are the perturbations to the metric which are
not all independent of each other. Therefore we could
have different gauge choices by selecting different func-
tions in the perturbed metric. In the following, we work
in Newtonian gauge where B = E = 0 [51]. The choice
of a particular gauge does not affect the predictions on
observables such as the angular power spectrum in linear
perturbation regime [52].
The matter components in the Universe are described
by the energy momentum tensor of a perfect fluid
T µν = (ρ+ p)UµUν + pgµν . (3)
Due to a lack of understandings of either DM or DE
at present, it is difficult to postulate their coupling from
first principles. Hence we instead describe the interac-
tion phenomenologically and focus on its impact on the
dynamics of the Universe rather than the microscopic
mechanism. In this work, we assume that the interaction
appears as energy transfer between DM and DE which
is proportional to their energy densities in the homoge-
neous and isotropic background. The equations of motion
of DM/DE energy densities read
ρ˙c + 3
a˙
a
ρc = a
2Q0c = aQc, (4)
ρ˙d + 3
a˙
a
(1 + w)ρd = a
2Q0d = aQd, (5)
3where
Qc,d ≡ gµνQµc,dQνc,d. (6)
In our model,
Qc = −Qd = 3H(ξ1ρc + ξ2ρd). (7)
w is the EoS of DE and ξ1 and ξ2 are dimensionless
coupling coefficients. Due to its phenomenological na-
ture, the IDE model can accommodate both quintessence
(w > −1) and phantom (w < −1) DE. A dot denotes a
derivative with respect to conformal time. Here we as-
sume the coupling coefficients are constant for simplicity.
This allows us to compare our forecast for HI IM obser-
vations with various constraints with existing data in the
literatures, which adopt the same assumption. We com-
pare such constraints in Sec. V. The linear perturbation
to the zeroth component of the coupling vector can be
derived from Eq. (7),
δQ0(λ) = −
ψ
a
Q(λ) +
1
a
δQ(λ), (8)
while the ith component needs to be specified in the
model in addition to the background energy transfer. We
assume δQi(λ) vanishes, which implies that there is no
scattering between DM and DE; only an inertial drag ef-
fect appears due to stationary energy transfer. While it is
a simple parametrization of a DM-DE interaction, which
assumes the energy transfer is proportional to the energy
density of DM and/or DE, we can put some constraints
on the coupling constants as well as DE EoS w by some
physical considerations. First, to avoid the unphysical
solution of a negative DE density (ρd < 0) in the early
Universe, the coupling constant ξ1 must be positive [53].
Furthermore, it has been found that, when ξ1 6= 0, the
curvature perturbations diverge in early times if w + 1
is a positive constant [24]. Thus we exclude cases (a)
w > −1, ξ1 6= 0 and (b) w < −1, ξ1 < 0 in our study.
III. THE POWER SPECTRUM OF 21-CM
RADIATION
The 21-cm line corresponds to the transition between
the fundamental hyperfine levels of neutral hydrogen
atoms, which corresponds to the frequency ν = 1420
MHz in the rest frame. The brightness temperature fluc-
tuation of the redshifted 21-cm signal reflects the dis-
tributions of HI, which serves as a tracer of the three-
dimensional large scale structure of the Universe. The
observed brightness temperature at redshift z is given
by [54]
Tb(z, nˆ) =
3
32π
(hpc)
3nHIA10
kBE21
∣∣∣∣dλdz
∣∣∣∣, (9)
where hp is Planck’s constant; kB is Boltzman’s constant;
A10 = 2.869 × 1015 s−1 is the spontaneous emission co-
efficient; E21 = 5.88µeV is the rest frame energy of the
21-cm transition; nHI is the number density of neutral
hydrogen atoms at a given redshift; nˆ is the unit vector
along the line of sight and λ is an affine parameter of the
propagation of photons. Ignoring the perturbations, in
the homogeneous and isotropic background, the bright-
ness temperature can be written as
T¯b(z) =
3
32π
(hpc)
3n¯HIA10
kBE221(1 + z)H(z)
(10)
= 0.188hΩHI(z)
(1 + z)2
E(z)
K, (11)
where E(z) ≡ H(z)/H0, H0 = 100h km s−1Mpc−1 is the
Hubble parameter at present, and ΩHI is the fractional
density of neutral hydrogen in the Universe. ΩHI can
safely be assumed to be constant in the redshift range
(z ≤ 3) considered. Besides, the 21-cm power spectrum
is also modulated by HI bias bHI. In this work, we assume
bHI is a constant independent of scales. we take ΩHI =
0.62× 10−3 [55, 56] and bHI = 1 throughout this work if
not stated otherwise.
Perturbing Tb to linear order, the angular cross power
spectrum between two redshift windows is [57]
Cijℓ = 4π
∫
d lnkPR(k)∆
i
Tb,ℓ
(k)∆jTb,ℓ(k). (12)
PR(k) is the power spectrum of the dimensionless
primordial curvature fluctuation R, and ∆iTb,ℓ(k) =
∆iTb,ℓ(k)/R(k). The sources are integrated over a red-
shift window function W (z)
∆iTb,ℓ(k) =
∫
dzWi(z)∆Tb,ℓ(k, z) (13)
∆Tb,ℓ(k, z) is the spherical harmonic expansion of fluctu-
ations to the brightness temperature. We use a Gaussian
window function in the following calculations.
Figure 1 displays the autocorrelation angular power
spectra at z = 3 for the fiducial ΛCDM, dynamical DE
model with constant EoS (wDE) and IDE models. The
coupling strength ξ1 and ξ2 in the IDE models are tuned
to a similar magnitude as the best-fitting values of the
Planck 2015 data [30]. The deviations of the angular
power spectra in IDE models from ΛCDM demonstrate
strong scale dependence and can be up to 20% at small
angular scales. Furthermore, the wiggles in Cℓ around
ℓ ∼ 100 indicate the shift of the BAO scale in the presence
of a dark interaction.
IV. SURVEYS
Given that the interaction within the dark sector sig-
nificantly changes the 21-cm brightness temperature an-
gular power spectrum, the HI IM method would serve as
an efficient probe of this interaction. In order to forecast
the future detectability of this interaction, here we inves-
tigate the following future surveys of HI IM from three
different radio telescopes.
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FIG. 1: (a) The auto power spectra of 21-cm in ΛCDM, wDE (varying w but fixed ξ1 = ξ2 = 0) and IDE models
(varying w, ξ1 and ξ2) for a ∆ν = 20MHz window centered at z = 0.3 (ν = 1092MHz). (b) The ratio of Cℓ’s in wDE
and IDE models with respect to the ΛCDM model. The legend is shown in panel (a).
• BAO from Integrated Neutral Gas Observations
(BINGO) is a single-dish IM project [58, 59].
BINGO will work on the frequency from 960 to
1260 MHz, making an overall instantaneous band-
width of 300 MHz. The working frequency corre-
sponds to a redshift range of z ≃ 0.13–0.48. The
telescope will comprise two static dishes, in which
one acts as a secondary – the so-called crossed-
dragone/compact range antenna design – and per-
form a drift scan. The 56 receivers arranged at the
focal plane will create an instantaneous field of view
of about 10◦(in declination direction)×9◦(in right
ascension direction), pointing at ∼ −45◦ declina-
tion.
• The Five-hundred-meter Aperture Spherical Radio
Telescope (FAST) is the largest single-dish radio
telescope in the world with an active primary sur-
face of 300 meter diameter, which is expected to
achieve the highest sensitivity within its frequency
bands of any single-dish radio telescopes [60, 61].
FAST will be able to slew between sources in less
than 10 minutes, while the maximum slew is 80◦.
Hence, FAST will work in a drift survey mode sim-
ilar to BINGO, but adjust the zenith angle range
from Dec:−14◦12′ to Dec:65◦48′, covering about
24000 deg2 sky area in one year operation. FAST
will be equipped with receivers covering the fre-
quency range from 70 MHz to 3 GHz, among which
the 19 beam feed horn array at L-band will be the
primary survey instrument. We consider the fre-
quency range 1050–1350 MHz in our analysis, cor-
responding to z ≃ 0.05–0.35.
• The Square Kilometre Array (SKA) project will be
the world’s largest radio telescope, with eventually
over a square kilometer of collecting area.1 For
SKA Phase 1 (SKA-I), the site in South Africa’s
Karoo desert will host about 200 mid to high fre-
quency instruments, each having a movable dish of
15 m in diameter. The SKA midfrequency anten-
nae will cover a wide frequency range from 350 MHz
(z ≃ 3.0) upwards and the survey will cover a sky
area of about 25000 deg2. In our analysis, we con-
sider only the single-dish mode survey and stacked
data of each dish together, for consistency with the
other projects. However, the angular resolution in
single-dish mode is significantly lower than the in-
terferometry mode, which reduces the sensitivity at
large ℓ’s.
The experimental parameters employed in our analy-
sis are shown in Table I. The observed frequencies in 21-
cm radiation projects are much lower than that in CMB
experiments, and the problem of contamination due to
foregrounds, such as galactic synchrotron emission, ex-
tragalactic point sources, and atmospheric signal, is much
more severe in HI IM. It is then necessary to employ fore-
ground removal techniques to reduce the foreground con-
tamination [45, 62, 63]. In reality, there is always some
residual foreground even after applying such techniques
to the maps. Yet, we assume perfect foreground removal
and consider only instrumental noise in the analysis. In
this optimistic case, the cross correlations of the noise be-
tween different frequency (redshift) windows are assumed
to be negligible. The instrumental noise is dominated by
the thermal noise which can be calculated as [50]
Nℓ =
T 2sysAsky
NdNbtobs∆ν
, (14)
1 http://www.skatelescope.org
5TABLE I: Survey parameters.
BINGO FAST SKA-I
Frequency range (MHz) [960, 1260] [1050, 1350] [350, 1050]
Redshift range [0.13, 0.48] [0.05, 0.35] [0.35, 3.06]
System temperature Tsys (K) 50 25 28
Number of dishes Nd 1 1 190
Number of beams Nb 56 19 1
Illuminated aperture Ddish (m) 25 300 15
Sky coverage Asky (deg
2) 3000 24000 25000
Observation time tobs (yr) 1 1 1
Frequency window width (MHz) 20 20 20
where Tsys is the system temperature, Asky is the survey
area, Nd and Nb are the number of dishes and number of
antennae in each dish respectively, tobs is the total obser-
vational time (integration time) and ∆ν is the frequency
window (frequency resolution).
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FIG. 2: The predicted angular power spectra of the
lowest frequency bin (solid line), the highest frequency
bin (dashed line) listed in Table I and the noise levels
(thick dotted line) for different surveys. To be specific,
the frequency windows used in this plot are [960, 980]
MHz and [1240, 1260] MHz for BINGO, [1050, 1070]
MHz and [1330, 1350] MHz for FAST and [350, 370]
HMz and [1030, 1050] MHz for SKA-I.
The finite beam size in observation limits the resolution
at small angles. To take into account the effect of beam
size, the theoretical angular power spectrum needs to be
modulated accordingly,
Cobsℓ = C
th
ℓ e
−ℓ2σ2 , (15)
where Cthℓ is the theoretical angular power spectrum
given by Eq. (12), Cobsℓ is the predicted 21-cm signal and
σ = θF/
√
8 ln 2. θF is the full width at half maximum of
the instruments
θF = 1.2
(
λ
Ddish
)
, (16)
where λ = c/ν is the wavelength for the corresponding
frequency channel, and Ddish is the angular diameter of
the dish (Table I). In the following, we omit the super-
script and use Cℓ to refer to C
obs
ℓ . Figure 2 shows the
signal and noise levels in different surveys assuming the
parameters listed in Table I. The dotted lines represent
the amplitudes of thermal noise ℓ(ℓ+1)Nℓ. Note that Nℓ
is independent of angular scales, hence the lines scale as
ℓ(ℓ+ 1). The solid lines correspond to the signal of low-
est frequency (highest redshift) bins and the dashed lines
to the highest frequency (lowest redshift) bins in the fre-
quency range of the respective surveys. The curves are
calculated for a model with w = −1.1 and zero inter-
action between dark sectors, which corresponds to the
fiducial model in phantom case (w < −1) in the forecast
below. Although we choose the phantom case here for
that the interaction form is less restricted, the results are
similar when w > −1. The bandwidth of each frequency
bin is ∆ν = 20MHz. Thus, for example, the red solid line
shows the signal of frequency window [960, 980] MHz and
the red dashed lines show the signal of [1240, 1260] MHz
in BINGO. For small ℓ, the signals trace the brightness
temperature angular power spectrum as shown in Fig. 1.
Some wiggles can be seen at ℓ of a few tens to a few hun-
dreds depending on working frequency (except for the
low frequency end of SKA-I for that is beyond its reso-
lution), which corresponds to the BAO in matter power
spectrum. With the increase of ℓ, suppression due to fi-
nite beam size becomes important and the signal drops
quickly. We can see that the signal of SKA-I is the lowest
among the surveys, because its working frequency is the
lowest and the signal comes from the highest redshift.
Meanwhile, SKA-I also has the lowest noise level, due to
the large number of antennae. The worst noise level is
found in FAST, but the predicted signal is the strongest,
too, because of its focus on low redshifts. However, FAST
6is able to achieve the highest resolution given its large il-
luminated aperture, while SKA-I can only detect signals
on large angular scales when working in single-dish mode.
V. FORECAST
To estimate the potential ability of HI IM in constrain-
ing the interaction between DM and DE, we perform a
forecast for the future surveys introduced in the previ-
ous section using a Fisher matrix analysis. If a model
likelihood in the parameter space is a Gaussian distri-
bution, the Fisher matrix equals to the inverse of the
covariance matrix of the distribution, i.e. Cramer-Rao
inequality [64]. Even if it is not Gaussian, the Fisher
matrix is still a good tool in estimating the real distribu-
tion around the mean value, since it can always be well
approximated with a Gaussian distribution.
The Fisher matrix element for a HI IM experiment
with respect to model parameters pα and pβ, reads
Fαβ = fsky
ℓmax∑
ℓmin
(
2ℓ+ 1
2
)
Tr[Γℓ,α(Γℓ)
−1Γℓ,β(Γℓ)
−1],
(17)
in which we treat the spherical harmonic decomposi-
tion coefficients alm as the (Gaussian) random variables
whose mean value does not depend on cosmological pa-
rameters. fsky is the fractional sky coverage. Γℓ is a
matrix composed of the cross and autocorrelation an-
gular power spectra between the frequency windows.
Γijℓ = C
ij
ℓ + δ
ijNℓ is the observed angular power spec-
trum between window i and j, in which i, j run through
the frequency windows. The diagonal elements account
for the contributions of the autocorrelations of each fre-
quency bin to the Fisher matrix, while the off diagonal
elements encompass the contributions of the cross corre-
lations between the frequency bins. The angular power
spectrum Cijℓ are computed using Eq. (12) then modu-
lated according to Eq. (15). ∆Tb,ℓ in the different fre-
quency (redshift) bins for the same ℓ correspond to dif-
ferent comoving scales, hence their cross correlations Cijℓ
(i 6= j) are much smaller than autocorrelations. Thus
the off diagonal elements of Γℓ are usually much smaller
than its diagonal elements. Nevertheless we compute all
the elements of Γℓ and then use Eq. (17) to calculate the
Fisher matrix. Following Refs. [50, 65], it is assumed
that the noise between different windows is uncorrelated
which means that the noise only contributes to the di-
agonal elements of Γℓ. Γℓ,α (Γℓ,β) denotes the partial
derivative of Γℓ with respect to the parameter pα (pβ).
The noise should not depend on the model parameters,
so that Γℓ,α = Cℓ,α. We set ℓmin = 2 as in a CMB experi-
ment. ℓmax depends on the resolution of the instruments.
With the increase of ℓ, the signal to noise ratio decreases
as well as the information gain by increasing ℓmax and
Fαβ approaches a limit. We set ℓmax = 1000 for BINGO
and SKA-I and 3000 for FAST such that the Fisher ma-
trix converges. Although the largest ℓ’s already lay in
the nonlinear region, we ignore nonlinear effects in the
analysis. As can be seen in Fig. 2, the signal drops below
noise quickly for ℓ equals a few hundred. The impact of
the nonlinear effect is negligible.
Figures 3–5 show the forecasted two dimensional errors
for 68% and 95% area as well as marginalized one dimen-
sional probability distributions. The forecasted variances
are listed in Table II. When w > −1, we fix ξ1 = 0
which means that the energy transfer could not be pro-
portional to DM density. When w < −1, we vary ξ1,2
and w simultaneously. We assume the mean values of
the parameters as w0 = −0.95 when w > −1; w0 = −1.1
when w < −1 and ξ10 = ξ20 = 0. In addition to w
and ξ’s, we also vary the parameters {h, Ωbh2, Ωch2, ns,
109As(ΩHIbHI)
2}, where bHI is the HI bias. The impact
of As, ΩHI and bHI is similar: they modulate the over-
all amplitude of the 21-cm angular power spectrum, so
that we combine them in a single parameter. Since we
only consider the redshift after reionization, the power
spectrum is insensitive to the optical depth τ ; thus we
do not include it in our analysis. We set the mean val-
ues: ΩHI = 0.62 × 10−3, bHI = 1 and the others are set
according to the Planck best fit as listed in the end of
Sec. I. The two dimensional and one dimensional distri-
butions in this section are always marginalized over other
parameters. Note that due to the bounds on the param-
eters, ξ1 must be non-negative and w be either greater or
less than −1; we cannot observe the whole multivariate
Gaussian distribution constructed from the Fisher matrix
within the parameter space considered. As a result the
marginalized likelihood distributions may not be Gaus-
sian and the inferred mean values can be offset from the
mean value we set.
We can see that, for both cases when w > −1 and
w < −1, SKA-I provides the tightest constraints on w
and ξ’s, though its signal to noise is the lowest, espe-
cially on small scales, among the surveys. This demon-
strates the advantages of surveys probing a large redshift
range in testing interacting dark energy models. When
w > −1, SKA-I constrains w and ξ’s about twice as
tightly as BINGO, while its constraints are one magni-
tude better when w < −1. Under our assumption that
the coupling coefficients are constant, the interaction pro-
portional to DM density is forbidden when w > −1.
On the other hand, when w < −1 it dominates over
the interaction proportional to DE density in matter era,
where BINGO or FAST cannot detect but overlaps with
the redshift range covered by SKA-I. Therefore SKA-I
is uniquely suitable in detecting such interaction, lead-
ing to the outstanding performance in the case w < −1.
Comparing results of BINGO and FAST, FAST usually
gives marginally tighter constraints, thanks to its high
sensitivities, except for ξ1 when w < −1. Again, this
is a consequence of the fact that BINGO probes higher
redshift than FAST where the interaction proportional
to DM density is more prominent.
Apart from the magnitude of the variance, orientations
of the distributions also vary with surveys, because of the
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FIG. 3: The two dimensional likelihood contours and one dimensional likelihood distributions of w and ξ2 when
w > −1. In (a), solid and dashed represent 68% and 95% C.L. regions respectively.
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FIG. 4: The two dimensional likelihood contours among w, ξ1 and ξ2 when w < −1. Solid and dashed lines
represent 68% and 95% C.L. regions respectively. In each plot, the likelihood is marginalized over the third
parameter.
different redshift ranges that these survey observe. Con-
sider the background expansion of the Universe, or Fried-
mann equation, in IDE cosmology. Substituting Eq. (7)
into Eq. (4) and Eq. (5), the evolution of the homoge-
neous DM and DE in the presence of the interaction is
effectively equivalent to two noninteracting fluids with
EoS wc = −ξ1 − ξ2/r and wd = w + ξ1r − ξ2, where
r ≡ ρc/ρd. The influence of the coupling coefficients
and DE EoS is degenerated and the degeneracy is time
dependent through r. Therefore the orientation of the
probability distribution in (w, ξ1, ξ2) space in one survey
appears to be different than the other survey due to the
different frequency ranges.
In Table III we listed the fitting results of IDE model
reported in [30] using two data sets: CMB data only
from Planck 2015 [29] and a combined data set of Planck
2015, BAO measurements from 6dF Galaxy Survey and
Sloan Digital Sky Survey [66–68], the Joint Lightcurve
Analysis SNIa data [69], a recent local Hubble param-
eter measurement [70] and a compilation of large scale
structure growth rate measurements from redshift space
distortion (RSD) and peculiar velocity observations. In
Ref. [30], four subclasses of the IDE model were investi-
gated: Model I where w > −1, ξ1 = 0 and ξ2 < 0, Model
II where w < −1, ξ1 = 0 and ξ2 > 0, Model III where
w < −1, ξ1 > 0 and ξ2 = 0 and Model IV where w > −1,
ξ1 = ξ2 > 0. As we can see, our forecasted constraints of
all three surveys by using HI IM are comparable with or
tighter than those from Planck, which is the most pre-
cise CMB experiment to date. Furthermore, HI IM of
SKA-I still slightly outperforms the combined data sets,
which proves it to be a promising probe of the interac-
tion between dark sectors. But we must point out that
our analysis is an ideal one in the sense that we ignore
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FIG. 5: The one dimensional likelihood distributions of w, ξ1 and ξ2 when w < −1.
TABLE II: The forecasted errors of the model parameters.
BINGO FAST SKA-I
w > −1
σw 4.03× 10
−2 3.24 × 10−2 1.83× 10−2
σξ1 N/A N/A N/A
σξ2 1.60× 10
−2 1.44 × 10−2 8.86× 10−3
w < −1
σw 4.86× 10
−2 3.51 × 10−2 5.13× 10−3
σξ1 7.23× 10
−4 1.05 × 10−3 7.53× 10−5
σξ2 7.77× 10
−3 4.80 × 10−3 5.52× 10−4
TABLE III: Fitting results in [30] and comparison to the forecast results. The quoted error is for 68% confidence
level.
Model I Model II Model III Model IV
(w > −1, ξ1 = 0, ξ2 < 0) (w < −1, ξ1 = 0, ξ2 > 0) (w < −1, ξ1 > 0, ξ2 = 0) (w > −1, ξ1 = ξ2 > 0)
Planck CMB only
w −9.031+0.23
−0.959 × 10
−1
−1.55+0.235
−0.358 −1.702
+0.298
−0.364 −1.691
+0.318
−0.359
ξ1 N/A N/A 1.458
+0.37
−1.46 × 10
−3 1.416+0.37
−1.42 × 10
−3
ξ2 −1.297
+1.30
−0.448 × 10
−1 3.88+1.16
−3.88 × 10−2 N/A 1.416
+0.37
−1.42 × 10
−3
Planck CMB+BAO+SNIa+H0+growth rate
w −9.541+0.188
−0.372 × 10
−1
−1.035+0.0341
−0.00835 −1.069
+0.0268
−0.0152 −1.07
+0.0284
−0.0163
ξ1 N/A N/A 6.628
+2.41
−5.92 × 10
−4 7.587+3.35
−6.02 × 10
−4
ξ2 −1.815
+1.82
−0.328 × 10
−3 2.047+0.656
−0.667 × 10
−2 N/A 7.587+3.35
−6.02 × 10
−4
the contamination of foreground hence the noise level is
underestimated, although foreground removal techniques
may minimize the residual noise. However, as combining
Planck data with SN, BAO and RSD data improves the
constraints on dark energy models because the degenera-
cies between the cosmological parameters, w and ξ’s for
example, are broken by fitting to low and high redshift
observations simultaneously [23], we expect that combin-
ing HI intensity with CMB measurements will break the
degeneracies as well and provide even better results. In
9addition, the working frequency ranges of BINGO, FAST
and SKA-I are complementary to each other so the com-
bined constraints will be stronger and more reliable.
Given Eq. (14), the noise level is proportional to the
inverse of frequency window width ∆ν. A wide window
would suppress thermal noise. Meanwhile, a narrower
window can effectively boost up the RSD contribution
to the 21-cm power spectrum as well as the observed
signal. To investigate the influence of window width on
the constraints, we compare six configurations based on
BINGO in which ∆ν are set to 10, 20, 30, 50, 75 and
100 MHz. The other experimental parameters are the
same as in Table I. The results are plotted in Fig. 6.
It is clear that a narrower window gives rise to better
constraints. This implies that, though the thermal noise
is enhanced while decreasing window width, the signal to
noise is increased. A narrower window also leads to more
detailed slices in the observed redshift range, which may
help in tightening the constraints.
Another parameter similar to frequency window width
is sky coverage Asky, assuming a given total observation
time. The larger the sky coverage is, the smaller the pe-
riod that each pixel is sampled, and therefore the higher
the pixel noise is. In contrast, the larger the sky coverage
is, the larger the volume of the Universe that the survey
samples, and the smaller the cosmic variance is. Thus
there is a competition between pixel noise and cosmic
variance for different values of Asky. Taking FAST as an
example, we test the influence of Asky on the constraints
in Fig. 7, where we show the forecasted relative vari-
ances of eight configurations with sky coverage ranging
from 3000 to 24000 deg2. The results show that smaller
Asky provide better constraints, i.e. better precision in
the angular power spectrum measurements. From Fig. 1,
we can see that the deviation of Cℓ in IDE models from
ΛCDM rises at large ℓ, where cosmic variance is sub-
dominant compared to instrumental noise. In terms of
probing interaction between dark sectors, a precise sur-
vey focusing on a smaller sky area is more efficient than
a larger sky-area survey with higher pixel noises.
VI. CONCLUSION
In this work we investigate the potential constraints on
the interaction between DM and DE by using HI inten-
sity mapping observations. We show that the 21-cm cross
and autocorrelation angular power spectra show features
in the presence of such interaction. Considering three on-
going surveys, BINGO, FAST and SKA-I, we find that
their constraints on the interaction can be comparable or
better than current results using CMB, BAO, SNIa, local
Hubble parameter and growth rate data in an optimistic
situation where the foreground is completely removed.
Thus HI intensity mapping is a promising tool, poten-
tially more efficient than any single measurement avail-
able, in probing dark sector interactions. The constraints
of certain models are affected by the survey configura-
tions, including the splitting of frequency bins and sky
coverage. Since the difference between standard ΛCDM
predictions and interacting models is mostly shown on
small scales, lowering the pixel noises can more effectively
strengthen the constraints. Therefore, a smaller sky cov-
erage of the survey can be more effective in tightening up
the constraints.
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